Background: Despite vaccination efforts and documentation of elimination of indigenous measles in 2000, the United States (US) experienced a marked increase in imported cases and outbreaks of measles in 2011. Due to the high infectiousness and potential severity of measles, these outbreaks require a vigorous response from public health institutions. The effort and resources required to respond to these outbreaks are likely to impose a significant economic burden on these institutions. Objective: To estimate the economic burden of measles outbreaks (defined as ≥3 epidemiologically linked cases) on the local and state public health institutions in the US in 2011. Methods: From the perspective of local and state public health institutions, we estimated personnel time and resources allocated to measles outbreak response in local and state public health departments, and estimated the corresponding costs associated with these outbreaks in the US in 2011. We used cost and resource utilization data from previous studies on measles outbreaks in the US and, relying on outbreak size classification based on a case-day index, we estimated costs incurred by local and state public health institutions. Results: In 2011, the US experienced 16 outbreaks with 107 confirmed cases. The average duration of an outbreak was 22 days (range: 5-68). The total estimated number of identified contacts to measles cases ranged from 8936 to 17,450, requiring from 42,635 to 83,133 personnel hours. Overall, the total economic burden on local and state public health institutions that dealt with measles outbreaks during 2011 ranged from an estimated $2.7 million to $5.3 million US dollars. Conclusion: Investigating and responding to measles outbreaks imposes a significant economic burden on local and state health institutions. Such impact is compounded by the duration of the outbreak and the number of potentially susceptible contacts.
Introduction
Since the elimination of indigenous measles from the United States (US) was documented in 2000, relatively low numbers of cases per year (average of 71 cases, range 37-140) were reported Abbreviations: CDC, the Centers for Disease Control and Prevention; DHHS, Department of Health and Human Services; ID, identification (for outbreaks labels); logs, logarithms; MMWR, Morbidity and Mortality Weekly Report; n/r, not reported; n/a, not applicable; US, the United States. during this decade [1] . However, in 2011 the country experienced a marked increase in measles cases and outbreaks [2, 3] . All initial measles cases in these outbreaks were import-associated [2] , defined as meeting one or more of the following criteria, measles cases were imported from other countries, were epidemiologically linked to importations, had viral genetic evidence of an imported genotype, or were epidemiologically linked to an imported virus [2, 3] . Outbreaks usually began with susceptible persons infected with measles while staying in countries with endemic circulation and who became ill just prior to or after arriving in the United States [4] . Infected persons may transmit the disease to a number of potentially susceptible contacts in a variety of settings including homes, airplanes or airports [5] , schools or daycare centers [4, 6, 7] , university dormitories, refugee camps [8] , clinics and hospitals [9, 10] .
Due to its high infectiousness and the potential severity of complications, a measles outbreak often constitutes a serious public health event entailing a vigorous response from local public 0264 Open access under CC BY-NC-ND license.
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health departments and can involve multiple states and counties [2, 11, 12] . A typical response could involve a range of complex activities, i.e., confirmed cases are isolated, case contacts traced and their disease or vaccination history assessed, potentially susceptible individuals tested for immunity and, if required, vaccinated or quarantined [11] [12] [13] . As part of the response to the outbreak, public health departments may need to enhance disease surveillance, plan response efforts, coordinate response activities with healthcare providers, other public health officials, the Centers for Disease Control and Prevention (CDC), and also address public concerns and media attention [11] [12] [13] . As a result of the amount of effort and resources reallocated to the outbreak response, the economic toll on these public health departments could be significant [11] [12] [13] [14] . In this study, we aim to estimate the economic burden of the sixteen measles outbreaks reported in 2011 on local and state public health departments in the US.
Methods
Using local and state public health perspectives, we estimated personnel time for public health departments and costs associated with responding to the measles outbreaks (defined as three or more epidemiologically linked cases) reported in the US in 2011. To do this, we computed average cost and resource utilization data (e.g., wages and salaries, number of personnel hours) from previous studies in the US that estimated the economic impact of measles outbreaks on state and local health departments [11] [12] [13] [14] , and used these data to estimate the personnel time and costs attributable to the response to the measles outbreaks reported in 2011.
Cost studies on measles outbreaks
From a review of the literature on the economic impact of measles outbreaks in the US [11] [12] [13] [14] , we collated data on the reallocation of personnel and resources for the outbreak response (including investigation, contact tracking, screening, laboratory work, emergency response and surveillance) as well as associated costs incurred by local and state public health departments; specifically, we retrieved data on the number of cases reported in these outbreaks, the number of contacts (or exposures to measles cases) identified, the number of hours allocated by local and state responders, and the main activities performed during the outbreak investigations and response (Table 1) . Particular attention was given to studies that reported number of personnel hours allocated to the response by local and/or state health department and associated personnel costs. Using these data, we estimated both the average number of personnel hours per contact and the average cost per contact. All costs were adjusted for inflation to 2011 US dollars using the Consumer Price Index [15] .
Measles outbreak data in 2011
Data on the number of confirmed measles cases reported in each outbreak and the duration of the outbreak were collected from local and state health department reports for 2011 [2, 8, [16] [17] [18] [19] [20] . The duration of the outbreak was defined as the number of days from the first to the last rash onset date reported and assumed this interval was the minimum period during which an active public health response was in place. Additionally, data on the number of identified contacts for each outbreak were collected retrospectively from the affected local and state public health departments ( Table 2) . Despite efforts to standardized contacts data collection, sites resorted to either documentation, recall, or both definitions of contacts.
Outbreak size classification and case-day index
Due to the limitations of collecting contact numbers retrospectively, we utilized an indirect approach to define outbreak size scenarios and estimated personnel hours and costs for these scenarios. Specifically, we relied on the number of confirmed measles cases and outbreak duration to build a case-day index (i.e., case-day index = number of cases times number of days) for each outbreak, and then classified the size of the outbreak using this index (Table 2 and Fig. 1A ). The rationale behind the case-day index approach is that the magnitude of a public health response to a measles outbreak is usually driven by the number of individuals that have been in direct contact with infective measles cases and by the time and effort it takes to respond these outbreaks. Therefore, the magnitude of an outbreak response tends to be increasingly compounded by the number of cases (and contacts), and by the duration of the outbreak (Fig. 1A) . a For each specific outbreak the data of both the number of confirmed measles cases and duration (in days) were taken from several official outbreak reports. b Data on contacts to measles cases per outbreak were obtained from sites retrospectively (in 2012). Although efforts were made to collect the number of contacts to measles cases using a specific epidemiological definition of "contact," these data may still have important biases in the definition, detection, documentation, reporting and recall of "true" contacts.
c Outbreak size classification was based exclusively on the two-dimension case-day index to capture the impact of outbreaks based not only on the number of cases but also the duration of the response. Once an outbreak size was re-classified, assumptions on the number of contacts per measles case were assigned based in part on low and high ranges and thresholds observed in contacts data.
Once calculated, the case-day index was then used to classify the size of outbreaks around the 25th and 75th percentiles of its distribution. Then, the number of contacts per measles case was assigned according to the classified size of each outbreak, and based in part on the distribution of reported contacts and in the low and high ranges between size thresholds (Table 2 ) (See also Appendix Fig. A.1) . Specifically, based on thresholds observed in contacts data, outbreaks were defined as small (i.e., case-day index <25th percentile, with an assumed range of 3-25 contacts per case), medium (case index ≥25th and ≤75th percentiles, range of 40-100 contacts per case) or large (>75th percentile, range of 140-250 contacts per case). After calculating the range in the number of contacts per case for each outbreak size scenario we input the estimated average number of personnel hours (4.7 h per contact) and unit costs ($298 per contact) from the reviewed literature (Table 1 ) to obtain the total number of hours and costs for all measles outbreaks reported in 2011 (Table 3) . Table 2 ) was considered in the estimation of the correlation coefficient (R 2 = 0.95).
In order to validate the case-day index approach, we reclassified the outbreaks' size using either the contacts per case ratio or the contacts per day ratio and we observed that the size rankings were very similar to the index approach. Moreover, both ratios show large positive covariance and strong correlation (R 2 = 0.95) further validating our compounding hypothesis (Fig. 1B) .
Results
In 2011, 220 confirmed measles cases were reported in the US including 16 outbreaks that comprised 107 confirmed cases reported from these outbreaks. The median number of cases per outbreak was 6 (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and the average outbreak duration was 22 days (median 17.5, range 5-68, Fig. 2 ). Using diverse epidemiological definitions of contacts and with biases in the detection, documentation and recall of "true" contacts, managers in outbreak sites retrospectively reported a median of 293 identified contacts (range 8-12,000) per outbreak.
Based on the case-day index, 4 (25%) outbreaks were defined as relatively small, 8 (50%) were medium and 4 (25%) were large outbreaks. Using the range of index-attributable contacts to measles cases among these outbreaks, the number of contacts to measles cases ranged from 9 to 75 in small outbreaks, from 160 to 700 in medium size outbreaks, and from 840 to 5500 in relatively large outbreaks.
On average, using the case-day index a range of 526-1026 contacts were attributed to each outbreak in 2011 (median range 240-600 contacts), corresponding to 2508-4890 personnel hours (median range 1125-2813 h) and approximate expenditures of $161,000-$314,000 (median range $72,000-$179,000) associated with the outbreak response (Table 3) . With a median duration of 17.5 days per outbreak, an active response costs a median range of $4091-$10,228 per day. Average costs per outbreak ranged from $2685 to $22,000 for small outbreaks, from $58,000 to $146,000 for medium and from $551,000 to $985,000 for large outbreaks.
For the sixteen outbreaks combined, the estimated total number of individuals identified as contacts to confirmed measles cases ranged from 8936 to 17,450. The estimated total number of personnel hours for the 16 outbreaks ranged from 42,635 to 83,133 (Table 3) , and the corresponding total estimated costs for the public response accrued to local and state public health departments ranged from $2.7 million to $5.3 million US dollars.
Discussion
The collective responses to each and all the sixteen measles outbreaks had a sizable impact on local and state public health departments. Our estimates show that local and state public health response to measles outbreaks consume substantial personnel hours and could impact other public health priorities as staff is reassigned to outbreak response. At an increased frequency of measles outbreaks, such a diversion of public health resources to outbreaks response could significantly consume public health budgets, divert the health priorities and roles at the local and state levels and further increase the pressure on available resources.
As an illustration of the opportunity costs imposed on public health departments, we estimated that the number of personnel hours responding to these sixteen measles outbreaks would require the full time work of 20-39 public health officers during a year (i.e., assuming 2080 h/year or 40 h/week). Likewise, including cost of other inputs and materials, each public health department that experienced a measles outbreak in 2011 would have incurred a median range cost of $11,933-$29,833 per measles case. These costs, however, are not exclusive of measles outbreaks since about 113 (51% of the 220) measles cases reported in 2011 occurred by definition not in outbreak settings yet they may have demanded a similarly resource-intensive response from local public health departments. A very conservative estimate (i.e., assuming only three contacts per case) of the impact of the 113 non-outbreak measles cases -isolated or fewer than three epidemiologically linked cases -would add approximately 1579 personnel hours and would increase total costs by approximately $100,128.
Measles outbreaks will likely continue to occur in the US mainly because of the persistent risk of imported measles cases derived partly from the increased disease transmission and number of outbreaks in the European region [21] . Such a risk is magnified by the presence of susceptible sub-populations in the US due to lack of vaccination, the variety of potential outbreak settings (hospitals, clinics, airports, cruise ships, etc.), the limited state and local response capabilities, and the lack of awareness of vaccine recommendations in a few susceptible individuals traveling to endemic countries. Beyond the impact on local and state public health departments, responses to measles outbreaks also affect hospitals, clinics [9, 22] , as well as non-health public departments such as schools, universities and occasionally local police departments enforcing quarantines or supporting control actions [11, 13] . Additionally, susceptible individuals and their households face higher health risks derived from potential serious measles complications (i.e., otitis media, pneumonia, encephalitis or death [23] ) along with associated medical and productivity lost costs [23, 24] .
This study has some limitations. The personnel costs used for this study were based on average estimates of data reported in four previous studies published before 2011. Unit costs are likely to vary between departments in various locations, and are dictated by both the variation in wage rates as well as the intensity of the response to the outbreak (e.g., departments with more resources may mount a more expensive but more effective response, while those with fewer resources are unable to respond as quickly or effectively). Finally, the retrospective nature of gathering data on the number of contacts traced for the outbreaks could have introduced recall bias of reported number of contacts. However, it is uncertain how much or in what direction this bias would have affected the reported number of contacts and our estimates. To improve the validity of future estimates, a plan to collect and analyze data from outbreaks should be put in place and standardized.
In conclusion, staging effective responses to measles outbreaks have a sizable economic impact on local and state public health departments. The costs of measles outbreaks responses are compounded by the duration of outbreaks and the number of potentially susceptible contacts. Outbreak-response estimates not only substantiate the sizable amount of resources and costs allocated by local and state public health departments, but also provide a perspective of what additional resources and capacities might be needed to respond to future outbreaks.
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